Abstract The concept of virtual water content (VWC) may facilitate an understanding of total water demand for commodity production. The water consumption for livestock production forms a significant fraction of freshwater demand in arid regions, i.e., Saudi Arabia. In this paper, VWC was estimated for different livestocks in the 13 regions of Saudi Arabia. The VWC for camel production was also estimated, which has not been investigated in the previous studies. The overall VWC for livestock in Saudi Arabia was about 10.5 and 8.9 billion m 3 in 2006 and 2010, respectively. This study shows the decreasing trend of overall VWC in producing livestock in Saudi Arabia. The VWC were highest in Riyadh followed by Eastern region, Qaseem, Hail, and Makkah with ranges of 3587-4112, 1684-2044, 1007-1331, 644-810, and 504-715 million m 3 /year, respectively. The results demonstrate that a shift in diet from the high VWC meat to low VWC meat may reduce the overall VWC for livestock production. The findings of this analysis provide an assessment of the quantity and trend of water demand for livestock production in Saudi Arabia, which is useful to assess the development of an information-based agricultural water management strategy.
Introduction
The agricultural sector uses the largest share of freshwater resources worldwide. The average worldwide freshwater consumption per person was about 1385 m 3 , of which agriculture, industry and domestic use consumed about 91, 5, and 4%, respectively (Ouda 2014) . In the Middle East, agriculture accounts for over 75% of total water consumption. However, with increasing demand resulting from population growth coupled with higher living standards, water will be reallocated away from the agriculture sector to the domestic and industrial sectors (Karrou et al. 2011; Ouda 2014) . A rational water resource management plan (WRMP) requires the estimate of direct and indirect consumptions of water. The concept of water footprint (WFP) has been increasingly used as an indicator of water consumption and it is an informative tool for comprehensive understanding of water demand at national level (Hoekstra 2003; Chapagain and Hoekstra 2003; Charchousi et al. 2015) . Past studies reported that the major fractions of WFP were due to the agricultural and industrial consumptions, while agriculture consumed more than 80% of global freshwater supplies (Shiklomanov 2000; Mekonnen and Hoekstra 2011) . Almost 30% of the global agricultural WFP was related to livestock animal production (Mekonnen and Hoekstra 2012) . The WFP of many animal products is larger than the WFP of crop products with equivalent calorie value (Mekonnen and Hoekstra 2012) . The average WFP per calorie for beef was 20 times larger than for cereals and starchy roots, while the WFP per gram of beef protein was 6 times larger than for pulses (Mekonnen and Hoekstra 2012) . Earlier study reported that by replacing all meat with an equivalent amount of crop products, a 30% reduction of the food-related WFP per American citizen could be obtained (Mekonnen and Hoekstra 2012) . However, there are several animal products, which have lower WFP than crop products when nutritional value is considered. The worldwide meat production has been projected to be double by 2050 in the developing countries, due mainly to the increase in production and consumption (IAASTD 2008; Steinfeld et al. 2006; Alexandratos and Bruinsma 2012; Ran et al. 2016) , which is likely to intensify the freshwater crisis in the future (Rost et al. 2008; Ran et al. 2016 ).
An information-based water management strategy can support the development of an optimal management plan to reduce water demand-supply gap, especially in arid and semi-arid regions, such as Saudi Arabia. The development of an optimal WRM plan requires comprehensive understanding of water demand pattern, supply system, and the estimate of water quantities and trends (Allan 1997) . The analysis of virtual water content (VWC), which is closely linked to WFP, provides an information-based understanding of water demand for agricultural commodities, including livestock production (Hoekstra and Chapagain 2007; Mekonnen and Hoekstra 2012; Gerbens-Leenes et al. 2013) . Virtual water is defined as the volume of water required to produce a commodity or a service. This concept was first introduced when the option of importing virtual water (coming along with food imports) was examined as a partial solution to water scarcity problems in the Middle East countries (Allan 1993 (Allan , 1994 (Allan , 1997 . To assess the national WFP, it is essential to quantify the VWC for the products that are produced and consumed locally in addition to the imported or exported VWC of the products that are leaving and entering a country (Hoekstra and Chapagain 2007) . Quantification of VWC for the livestock production plays an important role in understanding the aspects of national WFP in Saudi Arabia. The livestock animal specific VWC identifies the type of animal responsible for greater fractions of water demand and thus provides an opportunity to optimize water use in livestock farming.
The water consumption of agricultural products used as feed items forms the major fractions of VWC for livestock farming (Rost et al. 2008; Mekonnen and Hoekstra 2012; Ran et al. 2016) . The WFP of an agricultural product is defined as the sum of the blue, green, and grey WFP (Mekonnen and Hoekstra 2011) . The blue WFP refers to water consumption from surface and groundwater sources, and green WFP refers to consumption of green water resources (e.g., rainwater in so far as it does not become run-off). The grey WFP refers to pollution and is defined as the volume of freshwater required to assimilate the load of pollutants given natural background concentrations and existing ambient water quality standards. Worldwide, green water contributes about 80% of the consumptive water use (CWU) in agricultural production (Molden et al. 2010; Rockström et al. 2014) . In livestock production, green water accounts for 90% of total CWU (Mekonnen and Hoekstra 2012) , while only 2-8% of CWU is blue water used for drinking water, servicing, and feed mixing purposes (Steinfeld et al. 2006; Mekonnen and Hoekstra 2012; de Boer et al. 2013; Ran et al. 2016) . In Saudi Arabia, there is no natural surface water flow system and the countrywide average annual rainfall is very low (\ 70 mm/year) (Chowdhury and Al-Zahrani 2013; AlZahrani et al. 2015) . The soil moisture content is low and evaporation rate is extremely high (Missimer et al. 2014) . As a result, the contribution of green water to agricultural crop production is minimal (MOWE 2013; Chowdhury et al. 2016) . The only dependable source of water for crop production is groundwater pumped from the non-renewable aquifers, which represented the blue water (MOWE 2013; USDA 2016) . The agricultural farms typically pump the groundwater for irrigation (Chowdhury et al. 2016) .
Different types of meat (e.g., camel, cow and dairy cow, goat, poultry) and egg are produced through the in-house and open grazing farming in Saudi Arabia (SSYB 2011) . The VWC for these livestock products varies depending on the climatic conditions, the region and the applied farming practices. For example, Chapagain and Hoekstra (2003) predicted the VWC for 1 ton of beef and poultry meat in Saudi Arabia as 11,359 and 4146 m 3 , respectively. In Egypt, these values were 15,752 and 2268 m 3 /ton, respectively while in Germany, these were 7768 and 877 m 3 /ton, respectively. The differences in VWC were related to production efficiency, including the genetic merit of animals and farming management practices. For example, the lower value of VWC for beef in Germany was due to higher growth rate than in Saudi Arabia. In Saudi Arabia, climatic variability between the northern and southern regions is significant, which affects VWC of livestock farms. Furthermore, farming practices and feed consumptions are likely to be variable. In addition, the country produces a large amount of camel meat, while camel is not the typical livestock in most countries, and the VWC for camel has seldom been investigated (Chapagain and Hoekstra 2003) . As a result, data on VWC presented in the previous studies do not reflect the major livestock animals and farming practices applied in Saudi Arabia (Chapagain and Hoekstra 2003; Mekonnen and Hoekstra 2010 . Better understanding of VWC for livestock animals and egg production in different regions of Saudi Arabia is highly needed to guide the allocation of livestock farming and optimize water use.
The total water demand in Saudi Arabia was increasing for the last few decades, due mainly to the rapid population growth and urbanization, and the expanded agricultural activities (World Bank 2010; UNDP 2013) . In 2010, the gap between water demand and sustainable water supply was about 11.5 billion m 3 (UNDP 2013). The water demand-supply gap was bridged through extensive use of non-renewable groundwater resources, desalinated water, and minimal use of treated wastewater (UNDP 2013). The depletion of groundwater volumes threatens the sustainable development plan of the country and raises significant water security issues. To optimize the agricultural water demand and minimize the water demand vs. supply gap, the country has completely phased out wheat production in 2015 and there is a plan to phase out the production of fodder crop by 2019. No doubts, these two measures could be very effective. It is to be noted that the agriculture sector is the largest consumer of freshwater, in which the share of the livestock farms is significant (Al-Zahrani and Baig 2011; Al-Shayaa et al. 2012; Mekonnen and Hoekstra 2012) .
The importance of VWC for livestock farms in Saudi Arabia has not been previously investigated. This study assesses the VWC for camel, cow, dairy cow, sheep, goat, poultry, and egg production in the 13 regions of Saudi Arabia. In this study, the regional variability of VWC in the country is examined. Finally, the analysis provides recommendations towards the development of an informationbased agricultural water management strategy that will optimize freshwater use in livestock industry by highlighting the limitations and future research needs.
Methodology
Saudi Arabia is divided into 13 administrative regions. The main farming animals are camel, cow (used for meat production), dairy cow (used for milk production), sheep, goat, and poultry. In addition, a large number of hens (used for eggs) are also produced. The livestock production analysis was based on data for the period of 2006-2010 (Table 1) obtained from the Saudi Statistical Yearbook (SSYB 2011) . The details of productive animals and eggs for each year can be found in SSYB (2011) . These data represent the total number of productive animals (e.g., slaughtered) and eggs (e.g., consumed) in the respective years. The feeding composition, style, and water consumption for these animals prior to achieving the slaughtering ages were obtained through field survey and were validated through data obtained from the literature (Chapagain and Hoekstra 2003; Abdallah and Faye 2013) .
To calculate the VWC, the WFP methodology of Mekonnen and Hoekstra (2012) 
where WFP a; c; s ½ = WFP for category a animal in country c for production systems s. WFP feed a; c; s ½ , WFP drink a; c; s ½ , and WFP service a; c; s ½ represent the WFP for category a animal in country c for production systems s related to feed, drinking water, and service water consumption purposes, respectively. In the current study, VWC was predicted in one country (c = 1: Saudi Arabia) for seven categories of farm products (a = i = 1,2, ….7, representing camel, cow, dairy cow, sheep, goat, poultry, and egg) following one production system (s = 1: mixed type). It should be noted that animal feed items are originated from domestic and imported products. To calculate the WFP for the feed items, Mekonnen and Hoekstra (2012) used the weighted average WFP for the domestic and imported products. The weighted average WFP was calculated as
where P[p] = domestic production of feed item p (ton/ year); T i [n e , p] = imported amount of feed item p (ton/ year) from exporting country n e ; WFP[p] = WFP of feed item p for domestic production (m 3 /ton); WF[n e , p] = WFP of feed item p for exporting country n e (m 3 /ton); and WFP*[p] = weighted average WFP for feed item p (m 3 /ton). The calculation of weighted average WFP for a feed item requires the amounts of imported feed item from the exporting countries, WFP of this item in the source countries, domestic production of this item, and the amount of this item used for livestock farms to feed these animals (Mekonnen and Hoekstra 2012) . At national level, this calculation can be performed through the use of country-specific imported feed amounts and WFP, and total domestic production and domestic WFP. However, at regional level within a country, it is often difficult to obtain precise information on these data. To minimize the complexity and information gap at regional level, this study distributes the imported feed items among the regions based on population distributions. The total population in the country was estimated to be Appl Water Sci (2017) 7:4691-4703 4693 around 27.1 million in 2010 (SSYB 2011; City population 2016), in which Makkah, Riyadh, Eastern region, Aseer, Madinah, Jazan, Qaseem, Tabouk, Hail, Najran, Al-Jouf, Al-Baha, and Northern region had 25.5, 25.0, 15.1, 7.1, 6.6, 5.0, 4.5, 2.9, 2.2, 1.9, 1.6, 1.5, and 1.2% of the total populations, respectively. The imported feed items were distributed among these regions using the respective similar percentages (Table 2) . Up on availability of region-specific production and source-specific import data for all feed items in a region, the WFP* calculations can be updated in future. Using the data equation (2) and following equation (1), the VWC can be estimated as
where VWC i = virtual water content (VWC) for i category animal (m 3 /animal), VWC feed = VWC for feed consumed by an animal (m 3 /animal), VWC drink = VWC for drinking purposes (m 3 /animal), and VWC service = VWC for servicing/cleaning purposes (m 3 /animal). The VWC for feed was calculated based on the amount of feed consumed Empty cell no data due to very low numbers Alfalfa  733  596  658  708  830  401  771  841  607  724  613  648   Dry hay  420  323  328  438  535  283  407  509  413  418  317  400  Silage  420  317  322  438  535  283  407  509  401  397  317  400   Other roughages  378  269  293  399  469  254  379  467  317  332  302  410 by an animal, water consumption in feed production, and slaughtering age (Chapagain and Hoekstra 2003) . In many developing and developed countries, livestock feed is a mixture of crops, crop residues, and industrial products (Chapagain and Hoekstra 2003) . To mix the feed items, additional water is required. The VWC for feed was estimated as
where CW = total VWC of feed crops per animal (m 3 / year), SA = slaughtering age (year), and WFM = volume of water for mixing of food items (m 3 /animal). The past studies have reported that WFM was approximately 50% of the feed volume consumed by a livestock animal (Chapagain and Hoekstra 2003; Mekonnen and Hoekstra 2012) . To assess CW, the weighted WFP per ton of the feed items (WFP*) and the average feed amount are necessary (AFV). Abbas (2013) reported crop water requirements (CWR) for the major crops produced in different regions of Saudi Arabia. In this study, the CROPWAT software (Version 8), recommended by Food and Agriculture Association (FAO), was used (FAO 2009 ). In addition, historical rainfall and temperature data for different regions were obtained from the FAO database in the CLIMWAT 2.0 software (FAO 2012). As such, climatic variability in different regions was incorporated in this calculation (Abbas 2013; Chowdhury et al. 2016) . The CWR represented the water consumption in addition to the supplements from seasonal rainfall events in these regions and it was satisfied from the non-renewable groundwater sources. The calculated CWR for different crops were divided by the crop yields to obtain the WFP for the domestic feed crops, which were used in Eq. (2) to calculate the weighted WFP (WFP*).
In Tables 3, 4 , 5, and 6, indicative sample calculations along with the necessary data (e.g., feed items, amounts, slaughtering ages, live weights, etc.) are presented (Chapagain and Hoekstra 2003; Khan et al. 2003; Abdallah and Faye 2013) . The feed intakes vary depending on animal type, purpose, and farming practices. The feed items are divided into grain (e.g., wheat, oats, barley, corn, dry peas, soyabean, canola, mill screen, and other grains) and nongrain (e.g., pasture, dry hay, silage, other roughages, etc.) fractions. Different animals are fed with different fractions of grain and non-grain feed items. Further details on the animal specific feed intakes are shown in Table 3 . In Table 3 , a VWC of feed crops sample calculation is presented for each category animal per year (CW = AFV 9 WFP*) in Riyadh. In Table 4 , the total VWC is estimated for each category animal for up to the slaughtering age, where the CW from Table 3 and the VWC for drinking and service purposes for up to the slaughtering age are included. The animals produced through the grazing farming had lower weights than those of the industrial farming. These data are used to calculate the VWC for unit weight of each category animal (Table 5 ). In Table 6 , the VWC of a hen was divided into eggs and carcass. To obtain the unit VWC for egg, data on egg and carcass produced per hen and market values were collected through field survey in the local farms. The monetary fractions for egg and carcass of hen were estimated to be 0.854 and 0.146, respectively (Chapagain and Hoekstra 2003) . These were multiplied by the VWC of hen (Table 4 ) to obtain the respective water share and then converted to a unit VWC (Table 6) . Following a similar procedure and using the weighted WFP (WFP*) for the feed items from different regions (Table 2 ), the VWC was calculated for all regions.
The yearly water requirements for drinking and service purposes depend on local climatic conditions (i.e., temperature, humidity, rainfall etc.), farming practices, and the final farming product (e.g., meat or milk from cow; poultry or egg, etc.), which was estimated as
where ADD d = average water consumption per animal (m 3 /day) and ADD s = average water demand for service purposes (e.g., cleaning) per animal (m 3 /day) The unit VWC was estimated per unit weight of meat (e.g., per ton). Farming practices play an important role in predicting the unit VWC. In this analysis, a 'mixed' type, meaning the mixture of 'grazing' and 'industrial' feeding, as proposed by Chapagain and Hoekstra (2003) was considered. Gerbens- Leenes et al. (2012 Leenes et al. ( , 2013 reported that the livestock produced through industrial farming were heavier than those of 'grazing' farming' and, however, previously Chapagain and Hoekstra (2003) reported the opposite. Unit VWC per animal was properly calculated (Table 5) .
The total VWC for each category of livestock animal (VWC ti ) was calculated as
where VWC ti = VWC for i category livestock animal (m 3 / year), VWC ui = VWC for one ton of animal, and W i = total weight of i category livestock animal consumed in a year (ton/year). The value of W i was calculated as
where LW i = live weight on an animal (ton/animal) in Table 5 , and N i = no. of livestock animal slaughtered in a year (Table 1 ). The total virtual water content (VWC T ) was finally calculated as 
Result Production of livestock
From 2006 to 2010, production of camel, sheep, goat, and poultry was decreased by 24.3, 35.5, 54, and 17.4%, respectively, while production of cow, dairy cow, and eggs was increased by 6.5, 48.5, and 26.1%, respectively. The data demonstrate decreasing trends for camel in most regions (4.8-66.7%) except Madinah, Jazan, and Al-Baha, where camel production was increased by 33.3-100% (Table 1) . Production of cow was increased in Riyadh, Qaseem, Hail, and Al-Baha by 6.7-33.3%. Production of dairy cow was also increased in Riyadh and Eastern region by 41.8 and 81.8%, respectively. In this period, sheep production was decreased in all regions except the Northern region, while goat production was decreased in all regions. Production of poultry was increased in Qaseem, Aseer, Tabouk, Hail, and Najran regions, while egg production was increased in all regions except Najran and AlBaha (Table 1) .
The percentile distributions of the livestock animals are shown in Fig. 1 . Most of the camel was produced in Riyadh (42.5-42.9%) followed by Qaseem (9.4-12.1%) and Eastern region (8-12.1%). The cow was produced mostly in Riyadh (51.5-58.5%) and Eastern region (24.2-28.2%). The dairy cow was also highest in Riyadh (65.9-69.0%) and Eastern region (25.5-31.3%). In 2006 and 2010, production of camel, cow, and dairy cow did not show significant shift in terms of the regions. The production of camel and cow was likely to have the major shares of VWC in the livestock farms, indicating that the regions with higher numbers of these animals might have sustained pressure on the groundwater resources.
Livestock feed and unit virtual water content
The regional-weighted WFP of the main feed items is shown in Table 2 In addition, production of domestic fodder crops is likely to be phased out by 2019, while fodder crops are an important feed item for producing livestock animals (USDA 2016).
Further details on the import of different feed items and domestic productions can be found in the literature (CDSI 2012; SSYB 2011) . The feed compositions for camel, cow, dairy cow, sheep, goat, poultry, and hen are shown in Table 3 . The corresponding feed amounts are 3.347, 2.303, 5.41, 0.2995, 0.1144, 0.0174, and 0.0174 ton/year, respectively (Table 3) . On average, feed of one camel is equivalent to the feed of 1.5 cows ( Table 5 ). The feed of a dairy cow is 2.4 times the feed of a cow. Among the feed of camel, cow, dairy cow, sheep, goat, poultry, and hen, approximately 62. 4, 13.7, 32.6, 6.3, 8.9, 81 , and 81% are grain or grain products, respectively. The unit VWC for these animals were predicted to be 19,741, 11,688, 113,807, 5568, 4122, 1978, and 16,256 m 3 /ton, respectively. Worth to notice that a unit VWC for dairy cow included the VWC of producing milk for 7 years (3-10 years of life), while approximately 96% of the unit VWC was associated with milk production (Chapagain and Hoekstra 2003) . The unit VWC for egg was calculated as 2753 m 3 /ton. The calculation of a unit VWC for egg was performed using the average of 210 eggs per hen during its lifetime, and the weights of 0.042 and (Table 6 ). The unit VWC was highest for camel followed by cow, whereas poultry production needed the lowest VWC (Tables 4, 5, 6). Variability in the unit VWC for different livestock animals indicates that there might be a scope to allocate livestock in different regions for water saving purposes.
Total virtual water content
The total VWC were in the range of 8.9-10.6 billion m 3 / year for the period of [2006] [2007] [2008] [2009] [2010] (Table 7) . The camel and cow had the highest fractions attributing 31.5-36.6% and 20.5-25.7% of total VWC, respectively. In 2010, the countrywide VWC for camel, cow, dairy cow, sheep, goat, poultry, and eggs were 2799, 2274, 996, 1341, 135, 1042 , and 297 million m 3 , respectively. These data showed an increase of VWC for cow, dairy cow, and egg in comparison with the VWC in 2006 (Table 7 ). The regional distribution of VWC is shown in Fig. 2 . The VWC were highest in Riyadh followed by Eastern region, Qaseem, Hail, and Makkah with ranges of 3587-4112, 1684-2044, 1007-1331, 644-810 , and 504-715 million m 3 /year, respectively. The lowest VWC was calculated for the Northern region. Three regions (Riyadh, Eastern region, and Qaseem) contributed 69.5-72.4% of the total VWC in the country (Table 7) .
In 2010, VWC for camel was highest in Riyadh (1204 million m 3 ). In this year, cow had the highest VWC in Riyadh (1269 million m 3 ) followed by Eastern region (679 million m 3 ). The dairy cow was mainly produced in Riyadh and Eastern region with VWC of 597 and 366 million m 3 , respectively. VWC for sheep and goat were highest in AlJouf and Makkah, respectively. VWC for poultry were highest in Qaseem followed by Riyadh, Makkah, and Aseer (Table 7) , while the VWC of egg were highest in Riyadh followed by Makkah, Qaseem, and Eastern region. The VWC distribution is explained in Fig. 3 . In 2010, total VWC in Riyadh was 3587 million m 3 , in which camel, cow, and dairy cow had 33.6, 35.4, and 16.6%, respectively. In this year, the second largest VWC was in Eastern region (1684.1 million m 3 ), where camel, cow, and dairy cow had the VWC of 18.1, 40.3, and 21.8%, respectively. The third largest VWC was for Qaseem region (1007.1 million m 3 ), where poultry and camel were the main livestock attributing 37.2 and 28.2% of VWC, respectively (Table 7 ; Fig. 3 ). Further details on VWC can be obtained from Figs. 2 and 3 and Table 7 .
The geographical distribution of VWC in 2006 and 2010 is shown in Fig. 4 . In these years, the largest VWC for livestock farms were for Riyadh, Eastern region, Qaseem, Hail, and Makkah ([ 500 million m 3 /year). These five regions showed the decreasing trends for VWC during 2006-2010. The distributions of VWC were not consistent to the population distributions. The populations in Riyadh, Eastern region, Qaseem, Hail, and Makkah were 6.8, 4.1, 1.2, 0.6,. and 6.9 million, respectively (SSYB 2011). Makkah had more populations than Riyadh, while the VWC in Makkah were less than 20% of Riyadh (Fig. 4) . The VWC in Eastern region, Qaseem, and Hail were higher (Fig. 4) . It is to be noted that the higher VWC for livestock farms were consistent to the regions with higher agricultural crop productions (SSYB 2011; Abbas 2013) . The higher levels of agricultural activities and livestock farms might have higher stress on the non-renewable groundwater sources, which deserves better understanding.
Trend of virtual water content
The highest and lowest VWC were estimated for 2007 and 2010 with the values of 10.6 and 8.9 billion m 3 , respectively. The VWC for camel, sheep, goat, and poultry were decreased by 26.8, 36.3, 54.5, and 12.4%, respectively, from 2006 to 2010, while the VWC for cow, dairy cow, and egg were increased by 6.3, 50.4, and 26.7%, respectively (Fig. 5) . In these years, VWC for camel were highest (2799-3823 million m 3 /year), while a decreasing trend from 2006 to 2010 was observed (Fig. 5) Table 7 .
Comparative analysis
The unit VWC of camel was 1.7 and 3.5 times the unit VWC for cow and sheep, respectively (Table 8) . One kg of camel and cow meat required 19.7 and 14.6 kg of feed supply, respectively. Production of 1 kg of sheep, goat, and poultry required 9.66, 6.1, and 1.65 kg of feed, respectively (Table 8 ). The dairy cow had the highest unit VWC, in which about 96% was due to milk production for 7 years (Chapagain and Hoekstra 2003) . The VWC for some livestock animals in this analysis were different from the ones reported in the literature (Chapagain and Hoekstra 2003; Mekonnen and Hoekstra 2010) . The variability in VWC might be attributed to several factors, including the way VWC, is estimated using the gross national income instead of field data, local feeding practices, and impact of local climatic conditions. The decrease in production of some livestock animals was responsible for the reduced VWC in 2010. Camel production was decreased by 25% since 2006 and the corresponding VWC was reduced by 26.8%. Production of cow was increased by 6.0% and the related VWC was increased by 6.3%. Production of dairy cow and VWC was increased by 48.5 and 50.4%, respectively. During the same period, VWC for sheep, goat, poultry, and egg were changed by -36.3, -54.6, -12.4, and ? 26.7%, respectively, which were reflecting the changes in their productions ( Table 1 ). The changes in livestock productions showed minimal variation with respect to the changes in VWC, indicating that significant technological improvements might have not been taken place during this period. However, it is to be noted that the temporal changes in farming practices were not considered in this study. The five regions (Riyadh, Eastern region, Qaseem, Hail, and Makkah) consumed 83.6-84.6% of total VWC during 2006-2010. In Riyadh, Eastern region, Qaseem, and Makkah, VWC were decreased by 8.8, 15.7, 24.3, and 29.5%, respectively, during this period. In Madinah and AlBaha, VWC were increased from 2006 to 2010. In Madinah, camel and egg productions were increased, while in Al-Baha, camel, and cow productions were increased. The shift of livestock productions in different regions can have implications on the policy, water resources, and feed supplies.
Policy implications
The findings indicated that there were minimal technological and/or managerial developments for water conservation in livestock farms. Saudi Arabia should invest in The main product is milk (& 96%) during the lifetime (e.g., 3-10 years) and feed consumption for 10 years Appl Water Sci (2017) 7:4691-4703 4701 technological and managerial water saving programs to reduce water consumption in these farms. Another possible move may be the shift of diet from high the VWC meat (e.g., camel, cow) to low VWC meat (e.g., poultry). However, such a shift needs to be assessed from social, cultural, and nutritional aspects. In particular, the needs of protein and energy should be compared. Future study is warranted on nutritional equivalency for substituting the meat intake habit. In this study, VWC for few livestock animals was not calculated due to the lack of data. VWC for secondary products, such as cheese, butter, leather, etc. was not estimated in this analysis. Upon availability of data, future study may further improve these estimates. Effects of temperature variability in different regions were not explicitly evaluated. In addition, the previous studies have indicated that climate change might implicitly affect the VWC via the impacts on agricultural water demand (Papadopoulou et al. 2016 ). Future study is recommended to fulfill these limitations towards a better understanding of the overall and regional VWC in the livestock farms. The VWC trade balance in Saudi Arabia needs further investigation to identify the actual water consumption of livestock production in relation with VWC import/export. The authors are currently conducting a study to estimate the green, blue, and grey components of water footprint in livestock industry in Saudi Arabia. The economic and financial feasibility of water consumption in livestock production and the opportunity cost of this consumption need to be investigated. The findings documented in this study will form the foundation for an economic and financial feasibility study. Despite the limitations as noted above, the findings of this analysis shed light on water consumption in the livestock farming and egg production in Saudi Arabia.
Conclusions
In this study, VWC for livestock farms in the 13 regions of Saudi Arabia from 2006 to 2010 were predicted by comparing and analyzing the regional variability of livestock production. This study estimated the VWC for camel production through farming, which was not reported earlier. Camel production was associated with a large fraction of VWC. The analysis showed that the overall VWC for livestock production were 10.6 and 8.9 billion m 3 /year in 2006 and 2010, respectively. Despite the decrease in overall VWC, VWC for cow, dairy cow, and egg were increased in the same period, which can be related to the high financial return of cow, dairy cow, and egg. This study shows that a shift in diet from the high VWC meat to low VWC meat may reduce the overall VWC for livestock production. However, protein and energy equivalency need to be investigated for any shift of diet. Our findings highlight the value of VWC in understanding water consumption pattern in the livestock farming and identifying methods to increase its efficiency to save water through appropriate allocation of livestock farms in different regions and attribute control over the production of the high VWC animals as an integral part of a comprehensive agricultural water management strategy. In conclusion, future work should be paid to provide a compressive regional and national overview of VWC for livestock farming in Saudi Arabia to obtain the development of a knowledge-based agricultural water management strategy in the Kingdom towards the optimal management of water resources.
